Eastward propagation is an essential characteristic of the Madden-Julian oscillation (MJO). Yet, simulation of MJO propagation in general circulation models (GCMs) remains a major challenge and understanding the causes of propagation remains controversial. The present study explores why the GCMs have diverse performances in MJO simulation by diagnosis of 24 GCM simulations. An intrinsic linkage is found between MJO propagation and the zonal structural asymmetry with respect to the MJO convective center. The observed and realistically simulated MJO eastward propagations are characterized by stronger Kelvin easterly waves than Rossby westerly waves in the lower troposphere, which is opposite to the Gill pattern where Rossby westerly waves are 2 times stronger than Kelvin easterly waves. The GCMs simulating stronger Rossby westerly waves tend to show a stationary MJO. MJO propagation performances are robustly correlated with the quality of simulated zonal asymmetries in the 850-hPa equatorial zonal winds, 700-hPa diabatic heating, 1000-700-hPa equivalent potential temperature, and convective instability. The models simulating realistic MJO propagation are exemplified by an eastward propagation of boundary layer moisture convergence (BLMC) that leads precipitation propagation by about 5 days. The BLMC stimulates MJO eastward propagation by preconditioning and predestabilizing the atmosphere, and by generating lower-tropospheric heating and available potential energy to the east of precipitation center. The MJO structural asymmetry is generated by the threeway interaction among convective heating, moisture, and equatorial wave and boundary layer dynamics. In GCMs, differing convective heating representation could produce different MJO structural asymmetry, and thus different propagations. Diagnosis of structural asymmetry may help revealing the models' deficiency in representing the complex three-way interaction processes, which involves various parameterized processes.
Introduction
Aiming at reducing deficiencies in the simulation of the Madden-Julian oscillation (MJO) in general circulation models (GCMs), the World Climate Research Programme (WCRP)-World Weather Research Programme (WWRP)/THORPEX MJO Task Force and Year of Tropical Convection (YOTC) and the GEWEX Atmosphere System Study (GASS) launched a suite of modeling experiments (Klingaman et al. 2015a ). There was a 20-yr simulation component aiming at characterization of models' capability in representing intrinsic MJO variability and exploration of key processes responsible for high-quality representation of the MJO (Jiang et al. 2015, hereafter J15) . This dataset provides an excellent opportunity for understanding the mechanisms driving MJO eastward movement, which remains under debate so far.
Models in which convective parameterization schemes are more sensitive to the effects of freetropospheric humidity tend to produce a more robust MJO (e.g., Hannah and Maloney 2011) . This knowledge has led to the development of moisture mode theory in which processes associated with tropospheric moisture are considered as key elements shaping the MJO dynamics (Raymond and Fuchs 2009; Maloney 2012, 2013; Adames and Kim 2016) . Recent studies of processes-oriented diagnostics have primarily focused on the role of convection-moisture interaction and the importance of the sensitivity of parameterized convection to environmental moisture for GCM representations of the MJO (Thayer-Calder and Randall 2009; Kim et al. 2012; Xavier 2012) . Observed precipitation rate is a strong nonlinear function of saturation fraction or vertical relative humidity (RH) profile (Bretherton et al. 2004 ). With 27 model simulations from the processoriented MJO diagnostic project, J15 confirmed the results of Kim et al. (2014b) and showed that the difference in the 850-500-hPa RH between top 5% and bottom 10% of precipitation events is significantly correlated with the MJO propagation fidelity, but the correlation coefficient (CC) is only 0.45. Klingaman et al. (2015b) , based on their analysis of the 13 models' 20-day hindcast experiments, found no link between the hindcast fidelity and the precipitation-moisture relationship. Another diagnostic of the processes that control tropospheric moisture is gross moist stability (GMS), which represents the efficiency with which convection discharges moisture from the atmospheric column (Raymond et al. 2009 ). J15 explored how seasonal mean GMS is related to MJO propagation fidelity and found a marginally significant negative correlation (CC 5 20.36 ) between the simulated winter mean vertical GMS and the MJO propagation fidelity over the Indo-Pacific Ocean. This is consistent with the results of Raymond et al. (2009) and Benedict et al. (2014) . On the other hand, J15 found a robust correlation between MJO propagation and the pattern correlation coefficient (PCC) of the vertical structures of vertical velocity (CC 5 0.78) and diabatic heating (CC 5 0.70). But the reasons remain elusive. We argue that the westward tilts with height of upward motion and heating occur primarily in the lower troposphere, and hence it is important to understand the roles of the lower-tropospheric processes in MJO propagation and the important role of the interactions among the diabatic heating, moistening, and the large-scale circulation (especially the wave and boundary layer dynamics). This is our major starting point.
Our analysis is also motivated by previously observed relationships between MJO low-level structure and eastward propagation. The MJO has a gross baroclinic vertical structure with a low (sea level) pressure and boundary layer moisture convergence (BLMC) leading the major convective center (Madden and Julian 1972; Wang 1988; Hendon and Salby 1994; Salby et al. 1994; Jones and Weare 1996; Matthews 2000; Sperber 2003; Lin et al. 2004; Tian et al. 2006; J15) . Observations also firmly established that to the east of the MJO convective center occur gradual deepening of the moist boundary layer (Johnson et al. 1999; Kemball-Cook and Weare 2001; Tian et al. 2006) , gradual increase of convective instability (Hsu and Li 2012) , and a transition from cumulus congestus clouds to deep convection (Kikuchi and Takayabu 2004; Katsumata et al. 2009; Virts and Wallace 2010; Del Genio et al. 2012; Johnson et al. 2015) . These structural features have been suggested in favor of MJO eastward propagation. We are curious about whether the GCMs that capture these structural features better simulate MJO propagation.
Another motivation for this work comes from a recent finding in a theoretical study. In a general theoretical model for MJO with different cumulus parameterizations, the eastward propagation speeds of the MJO modes are found to be inversely related to the relative strengths of the equatorial Rossby westerly wave and the Kelvin easterly wave (Wang and Chen 2017) . It would be interesting to see how GCM-simulated MJO propagation is related to the MJO low-level structural asymmetry.
In the present study, we use 24 sets of GCM simulation data collected by the ''Vertical Structure and Diabatic Processes of the MJO: A Global Model Evaluation Project'' (Petch et al. 2011 ) to examine the relationship between MJO propagation and its lower-tropospheric dynamic and thermodynamic structures and the BLMCrelated processes. Section 2 depicts the data and method used. Section 3 discusses briefly how to measure the models' performance for simulating MJO propagation. Section 4 contrasts the characteristics of the simulated MJO in two groups of models (eastward-propagating and nonpropagating MJO models), which reveal salient differences in their structures. Section 5 further documents the intrinsic linkages between MJO propagation and its zonal asymmetric structure using all model simulations. In section 6, we discuss how the MJO structural asymmetry leads to eastward propagation. The last section provides a summary and discusses the root cause of the MJO structural asymmetry and implications of the results for improvement of GCM simulations.
Data and method
We use GPCP daily precipitation data (Huffman and Bolvin 2013) for the period 1997-2014 (18 yr) . For the horizontal and vertical wind, temperature, specific humidity, and diabatic heating, the ERA-Interim daily data with the 1.58 longitude 3 1.58 latitude horizontal resolution (Dee et al. 2011) are utilized. For all results in the present study, intraseasonal (20-70 day) bandpassfiltered anomalies during boreal winter (from November to April) are analyzed. The data are interpolated and averaged to a 2.58 3 2.58 grid in order to match the model output.
A total of 24 sets of simulation data from 22 GCMs are analyzed (Table 1) . J15 analyzed 27 model simulations, but we used data from only 24 because the results from three models, Central Weather Bureau (Taiwan) Global Forecast System (CWB-GFS), Met Office Unified Model Global Atmosphere 3 (MetUM GA3), and Texas A&M University Community Atmosphere Model, version 4 (TAMU-CAM4), were not available when we downloaded the model data. The Vertical Structure and Diabatic Processes of the MJO: A Global Model Evaluation Project (Petch et al. 2011) aims to characterize, compare, and evaluate the heating, moistening, and momentum mixing processes associated with the MJO that are produced by current global weather and climate models (http://www.cgd.ucar.edu/ projects/yotc/mjo/vertical.html). Three types of simulations were carried out; we used the data from the 20-yr climate simulations, which were integrated for 20 yr and provided 6-hourly data with 2.58 3 2.58 horizontal resolutions and 22 vertical pressure levels. The detailed description of the project and models can be found in J15.
Measure of simulated eastward propagation of MJO
During boreal winter (from 1 November to 30 April), the organized eastward propagation of the MJO is most prominent and regular (e.g., Wang and Rui 1990; Waliser 2006; Kikuchi et al. 2012) . It has been a common practice to use eastward propagation to represent the quality of the simulated MJO, but how to quantitatively and objectively measure MJO propagation skills is not a simple matter and deserves a detailed discussion. A simple way of measuring MJO propagation is to examine the longitudinal variations of the lead-lag correlation (or regression) of precipitation with reference to the MJO precipitation anomalies averaged over some reference regions (e.g., Waliser et al. 2009; J15) . For simplicity, we refer to this type of lead-lag correlation maps as an MJO propagation diagram. Here we used a procedure similar to that of J15 with some modifications as indicated in Table 2 . We considered a 20-70-day filter rather than a broad filter of 20-100 days; we used precipitation in three reference locations rather than two in deriving lead-lag correlation maps for a more complete evaluation of the eastward propagation of precipitation in the eastern Hemisphere; and over the Indian Ocean (IO) we used a bigger box (108S-108N, 808-1008E) as reference location rather than 58S-58N, 758-858E because we want to focus on large-scale MJO structure and movement.
Figures 1a-c show the MJO propagation diagrams with reference to the IO, Maritime Continent (MC), and western Pacific (WP) rainfall anomalies, respectively. For brevity, the model simulations are shown only for the two best and two worst models. Figure 1d compares the PCC skills (508E-1808, from day 220 to day 20) of each model with reference to the three key reference regions. It is interesting to note that the PCC skill with reference to the IO is highly correlated with that with reference to the MC (CC 5 0.96) and to a large degree with that measured at WP (CC 5 0.84). The drop of correlation with the WP is mainly due to the differences in the three poorest models. In general, the skill averaged over the three reference regions may better reflect the overall propagation performance than that measured over the individual reference region. Therefore, in the present study, the model simulated MJO propagation performance is measured by the averaged PCC skill score at the three MJO propagation diagrams derived with reference to the MJO rainfall anomalies over the IO, MC, and WP (Fig. 1d) . Note that the averaged skill score represents very well those skill scores with respect to the IO (CC 5 0.98) and the MC (0.99), as well the WP (0.92).
Overall, higher PCC skills correspond to more systematic eastward propagation of both the wet and dry anomalies and better propagation speeds over the equatorial Indo-Pacific warm pool regions. However, the PCC skill is an overall assessment of the propagation feature; it cannot distinguish the quality in simulated propagation speed and propagation extent. There are other statistical measures of MJO propagation. Often used is the ratio of spectral power for the eastward-and westward-propagating components (the east-to-west ratio) on the MJO time and spatial scales based on the space-time power spectrum of the equatorial rainfall ). This spectral measure has been shown to be very well correlated with the PCC skill in the propagation diagram (CC 5 0.78 for 27 simulations) (J15).
Contrasting MJO structures in the good and poor models
The contrasting features between the good and poor models can reveal salient differences in the MJO dynamic and thermodynamic structures. Based on the averaged PCC skills of the eastward propagation of precipitation with reference to the precipitation anomalies at three key locations (Fig. 1d) , we selected the top six models that simulate eastward propagation of MJO most realistically (hereafter good models) and the six poorest models that show no eastward propagation of MJO (hereafter poor models). The six best (poorest) models are CNRM-CM, SPCCSM3, ECHAM5-SIT, GISS-E2, SPCAM3, and PNU-CFS (ISUGCM, CanCM4, MIROC5, BCC-AGCM2, NavGEM1, and CFSv2) (see Table 1 ). All regressed MJO dynamic and thermodynamic anomalies are computed with respect to the IO precipitation anomalies because MJO precipitation and circulation over the IO are more symmetric about the equator and less affected by the basic climatological mean circulations compared to those over the MC and WP, and thus more suitable for study of the MJO structure without mean flow impacts.
a. Low-level (850 hPa) horizontal circulation Figure 2a shows that when the MJO precipitation center is located in the equatorial IO around 908E, the 20-100-day filtering, 608E-1808 and from day 220 to day 20. Definition for good and poor models
Averaged PCC skill score at the three MJO propagation diagrams derived with reference to the MJO rainfall anomalies over the IO, MC, and WP.
Averaged PCC skill score at the two MJO propagation diagrams derived with reference to the MJO rainfall anomalies over the IO and WP. observed 850-hPa winds exhibit a coupled structure of the equatorial Kelvin wave and the most trapped equatorial Rossby wave. The Rossby wave component (double cyclones and the equatorial westerly anomalies in between) is located to the west and the Kelvin wave component (the equatorial easterly and low pressure anomalies) is located to the east of the MJO precipitation center. The result here is consistent with the structure derived using other methods, such as those of Rui and Wang (1990) and Adames and Wallace (2014) .
We note that the observed MJO structure shown in Fig. 2a is often referred to as a Gill pattern (Gill 1980) . However, the circulation structure of the Gill pattern The precipitation center is marked by a black filled circle. The regression strengths are scaled to a fixed 3 mm day 21 precipitation rate. See text for more details in defining the good and poor models.
differs from the MJO structure in Fig. 2a . While both consist of Rossby wave and Kelvin wave components, they have important differences in the relative strength and zonal extent of the Kelvin and Rossby wave components. In the present study, the strength and zonal extent of Kelvin and Rossby wave components are calculated using 850-hPa zonal wind (U850) averaged along the equator between 58S and 58N. The KelvinRossby (K-R) zonal extent ratio, which is the ratio of longitudinal extent of the Kelvin easterly wave to that of the Rossby westerly wave, is 3.0 in the Gill pattern but only 2.1 in the observed MJO; the ratio of the maximum Rossby westerly wind speed versus the maximum Kelvin easterly wind speed is 2.2 in the Gill pattern but only 0.8 in the observed MJO (Fig. 2a) . These notable differences arise from the nature of the precipitation heating. In the Gill model, the heating is given as a forcing and the waves are passive responses, whereas in the MJO the heating is interactive with the dynamics, thus the dynamics can feed back to the heating. The observed low-level circulation structures are reproduced well in the good models' composite ( Fig. 2b) but poorly in the poor models (Fig. 2c) . The noticeable difference between the good and poor models lies in the zonal asymmetries in the intensity and zonal extent of the equatorial Kelvin easterly (wave) and Rossby westerly (wave). For poor models, the maximum Rossby westerly is notably stronger than the maximum Kelvin easterly, whereas for good models the Kelvin easterly is stronger than Rossby westerly. Note also that, for a given MJO precipitation rate of 3 mm day 21 , both groups of GCMs tend to produce stronger wind responses than the observations, especially the equatorial westerly anomalies. As shown later (see Fig. 10 ), the maximum heating center is located around 420 hPa in the observation, while it is around 460 hPa in the good models and 500 hPa in the poor models. So, the modelsimulated heating profiles tend to have a lower maximum than observations. In addition, the vertical heating gradients below 600 hPa simulated in the good models are twice large as those in the observations; even in the poor models this vertical gradient is also higher than the observation. The strong responses of the low-level circulations in the models seem to be related to the lower maximum heating and larger vertical heating gradients in the lower troposphere.
b. The 700-hPa diabatic heating and boundary layer moisture convergence Figure 3 displays the structures of the BLMC at 925 hPa and the diabatic heating rate at 700 hPa (Q700). Note that in observations the BLMC almost coincides with the Q700 with a PCC (158S-158N, 708-1508E) reaching 20.80, indicating that the Q700 is closely associated with the 925-hPa moisture convergence. Both fields extend 5000-6000 km east of the IO precipitation center and lead the 500-hPa maximum upward motion (which almost overlaps the MJO precipitation center), implying a rearward tilt of the vertical motion with height in the lower troposphere. This has been documented by many previous studies (e.g., Hendon and Salby 1994; Sperber 2003; Tian et al. 2006; J15) . The two observed characteristic features of the BLMC and Q700 fields are very well reproduced in the good models (Fig. 3b) but are absent in the poor models (Fig. 3c) . The major differences between the good and poor models lie in the zonal asymmetry of the BLMC and Q700 with regard to the MJO precipitation anomaly.
c. Lower-tropospheric equivalent potential temperature and specific humidity
The equivalent potential temperature (EPT) is a measure of moist static energy (MSE) and its vertical gradient can indicate convective instability if the layer is bodily lifted to become saturated. Increased moisture content or temperature can make the EPT higher. Since vertical temperature gradient variation is small in the tropics, the EPT in the lower troposphere varies primarily with moisture content. Because the BLMC accumulates moisture to the east of the MJO precipitation, higher EPT is anticipated to the east of the precipitation center, with lower EPT to the west. Figure 4 confirms the above assertion. The observed 850-hPa specific humidity and the EPT vertically averaged from 1000 to 700 hPa (EPT 1000-700 ) anomalies share very similar spatial patterns with a PCC (158S-158N, 708-1508E ) of 0.91 (Fig. 4a) . Both follow the BLMC, suggesting that the BLMC controls both. The BLMC also largely determines the convective instability of the MJO (Hsu and Li 2012) . The observed structures of 850-hPa specific humidity and EPT 1000-700 are faithfully reproduced by the good models (Fig. 4b ), but these characteristic features are deficient in the poor models (Fig. 4c) . Similar to the BLMC and Q700 structures, the major differences between the good and poor models again lie in their zonal asymmetry with regard to the MJO precipitation center.
Intrinsic linkages between MJO propagation and its zonal asymmetric structures
The salient differences between the good and poor models motivate us to further explore the relationships between MJO propagation and its lower-tropospheric structures using all 24 GCM simulations. For better illustration of the equatorial zonal asymmetry, all examined fields in this section were averaged along the equator between 58S and 58N and normalized by their corresponding maxima. To quantify zonal structural asymmetries, we will first propose objective indices and then investigate how the simulated indices are related to simulated MJO propagation skills in all 24 GCM simulations. Figure 5a shows the composite equatorial U850 profiles simulated in the good and poor models along with the corresponding observations. To quantify the zonal asymmetry in the equatorial U850, we define the relative strength of the Rossby versus Kelvin wave components by the ratio of the maximum westerly speed U max versus the minimum easterly speed U min . This ratio is called the Rossby-Kelvin (R-K) intensity index. Figure 5b shows a robust correlation between the R-K intensity index and the MJO eastward propagation skill (CC 5 0.76). The R-K intensity ratio simulated in the models ranges from 20.6 to 22.4, while the observed value is 20.8. The results in Fig. 5b indicate that the models that simulated a more realistic R-K intensity ratio (or the relative strength of the Rossby versus Kelvin wave components) reproduce better eastward propagation of MJO. The poor models have an excessively strong Rossby wave component.
a. Relative intensity of the low-level Rossby westerly versus Kelvin easterly waves
The relative intensity of the Kelvin easterly versus Rossby westerly is not solely determined by the MJO heating over the IO. In many eastward propagation cases, there is a suppressed convection concurring in the equatorial WP, which can also enhance the Kelvin easterly by exciting descending dry Rossby waves (Matsuno 1966; Kim et al. 2014a ).
b. Zonal asymmetry in the lower-tropospheric diabatic heating Figure 6a exhibits the composite equatorial Q700 (i.e., Q700 averaged over 58S-58N) in observation and in good and poor models. The Q700 maximum is located to the east of the maximum precipitation (908E) in the FIG. 4 . As in Fig. 2 , but for the EPT 1000-700 (K; shading) and specific humidity at 850 hPa (g kg 21 ; contours).
observation and good models, whereas it is located to the west of the precipitation center in poor models. Furthermore, the Q700 to the east of precipitation center (908-1408E) is much stronger than that to the west (708-908E) in both observation and good models; however, the opposite is true in the poor models. In view of the differences between good and poor models, we propose a Q700 zonal asymmetric index using equatorial Q700 (Fig. 6a) , which is calculated by the difference between the integrated positive heating rate to the east of precipitation center (integrated from 908 to 1408E) and that to the west (integrated from 708 to 908E). The reason for choice of a larger extent to the east is because the Kelvin wave component has a larger zonal extent than the Rossby wave component. The relationship between the simulated Q700 asymmetric index and MJO eastward propagation skill is shown in Fig. 6b . The statistically significant CC of 0.72 is obtained from 24 model simulations. The results suggest that eastward extension of heating from the major MJO precipitation center may be an indicator of the eastward propagation of MJO. The BLMC and the precipitation heating released in the shallow and congestus clouds are essential for the gradual transition from shallow congestus clouds to deep convection (e.g., Johnson et al. 1999; Johnson et al. 2015) . This transition may facilitate eastward propagation of MJO activity.
c. Zonal asymmetric equivalent potential temperature in the lower troposphere Figure 7a compares the composite equatorial EPT 1000-700 simulated in the good and poor models along with the corresponding observations. In both the observation and good models, the maximum centers of EPT 1000-700 are located about 158 of longitude to the east of the precipitation center, whereas it coincides with the precipitation center in the poor models' composite. The largest differences in EPT 1000-700 between the good and poor models are seen in the longitudinal extent between 1108 and 1508E. For this reason, we define a zonal asymmetry index for EPT 1000-700 , which is the EPT 1000-700 anomaly averaged between 1108 and 1508E. Since the lowlevel EPT largely reflects moisture content, this index represents the degree of premoistening condition in front (to the east) of the MJO deep convection. Figure 8a compares the composite convective instability parameter [850-hPa EPT minus 400-hPa EPT (EPT 850 2 EPT 400 )] simulated in the good and poor models. From 1208 to 1508E, the observed high convective instability is simulated well by the good models, but not by the poor models. We define a convective instability index measuring the predestabilizing conditions in front of MJO deep convection, which is the mean convective instability parameter averaged between 1208 and 1508E. Figure 8b shows that the quality of simulated MJO eastward propagation is significantly linked to the simulated convective instability index with a positive CC of 0.66. This suggests that predestabilization of the MJO perturbation to the east of the MJO deep convection may pave the way for MJO eastward propagation. Using 40-yr ECMWF reanalysis data, Hsu and Li (2012) showed that the potential convective instability with sufficient lifting due to boundary layer convergence may help trigger shallow/congestus convection, favoring initiation of deep convection.
d. Convective instability

How the structural asymmetry leads to MJO eastward propagation
As shown in Fig. 9 , when the MJO convection is centered at 908E, the EPT 1000-700 , and EPT 850 2 EPT 400 over the MC and equatorial WP in good models are much stronger than in the poor models. This is because the BLMC over the MC and equatorial WP is much stronger in the good models than in the poor models. The BLMC not only moistens the lower troposphere and creates convective instability through vertical mixing, but also generates vertical motion on the top of the boundary layer and induces heating in the lower troposphere (Q700) to the east of the MJO precipitation. This is evidenced by the large difference in Q700 to the east of the convective center from 908 to 1408E (Fig. 9c) .
From an energetic point of view, the lowertropospheric heating is vitally important for driving MJO eastward propagation for the following reasons. The generation of MJO available potential energy is determined by the covariance between diabatic heating Q 0 and temperature perturbation T 0 (Wang and Li 1994) . Before calculation of the regression, we computed daily 3D fields of QT during the 20-yr period. Then a 20-70-day bandpass filter was applied (Q 0 T 0 ). The lag zero regression pattern of Q 0 T 0 is calculated against the 20-70-day bandpass-filtered rainfall averaged over the eastern equatorial IO (108S-108N, 808-1008E ). The regression amplitudes are scaled to a fixed 3 mm day 21 precipitation rate for comparison. As shown in Fig. 10b , the positive temperature anomalies tend to shift to the east of the major convection region. Therefore, the lower-tropospheric heating can generate MJO energy to the east of the MJO major convective center, leading to the MJO propagating eastward. The MJO energy generated in the major MJO convective regions, which is large for both the good and poor models, mainly contributes to the amplification of the MJO. As shown in Fig. 10c , the big difference in energy generation between the good and poor models is the zonal asymmetry: the generation in the poor models is nearly symmetric about the convection center, whereas in good models and observations the overall energy generation is stronger to the east than to the west of 908E.
Our findings suggest the essential importance of the BLMC in the eastward propagation of the MJO. To elaborate this point further, we examine the evolution of the equatorial BLMC (averaged between 58S and 58N) FIG. 9 . Equatorial longitudinal structures of the 925-hPa moisture convergence (BLMC), Q700, EPT 1000-700 , and EPT 850 2 EPT 400 for (a) composite of good models, (b) composite of poor models, and (c) difference between good and poor model composites. The structures are regressed 20-70-day bandpass-filtered fields with reference to the precipitation anomaly in the EIO (108S-108N, 808-1008E) . The strengths of all fields are scaled to a fixed 3 mm day 21 precipitation rate. All variables are averaged over 58S-58N and normalized by their maximum (minimum for EPT 850 2 EPT 400 ) values.
FIG. 10. Vertical structure of (a) diabatic heating (K day
21
), (b) temperature (K), and (c) eddy available potential energy (EAPE) generation (Q 0 T 0 ) (K 2 day 21 ) in observation, composite of good models, and composite of poor models. The structures are regressed 20-70-day bandpass-filtered fields with reference to the precipitation anomaly in the EIO (108S-108N, 808-1008E). The regression strengths are scaled to a fixed 3 mm day 21 precipitation rate and averaged over 58S-58N.
with reference to the MJO convection at the IO (908E). It is noted that the BLMC propagates eastward continuously from 508E to 1808 with a speed of about 5 m s 21 in both observations (Fig. 11a) and good model simulations ( Fig. 11b ) whereas no propagation is found in the poor models (Fig. 11c) . In general, the quality of the model-simulated eastward propagation of MJO precipitation is highly correlated with the simulated skill FIG. 11 . Lead-lag correlation (contours; the contour interval is 0.1, solid red is positive, and dashed blue is negative) between 20-70-day bandpass-filtered precipitation and itself over the EIO (108S-108N, 808-1008E) (i.e., as in Fig. 1a ) and the lead-lag regression of 925-hPa moisture convergence (day of eastward propagation of BLMC (Fig. 11d) . Notably, the propagation of the BLMC leads precipitation propagation by about 5 days (Fig. 11a ). This phase leading is very well reproduced in the good models. The fact that the systematic eastward propagation of BLMC leads that of MJO deep convection suggests that the eastward propagation of the BLMC drives the eastward propagation of MJO through premoistening, predestabilization, and generating lower-tropospheric heating and MJO available potential energy to the east of the MJO main convection.
Conclusions and discussion
a. Conclusions
Analysis of the diverse performances in the 24 GCM simulations of MJO reveals that the simulated MJO propagation is intrinsically associated with the simulated equatorial (averaged between 58S and 58N) east-west structural asymmetry with respect to the MJO convective center in the lower-tropospheric dynamic and thermodynamic structures, including 1) U850 (Fig. 2) , 2) the BLMC and associated Q700 (Fig. 3) , and 3) EPT 1000-700 and specific humidity at 850 hPa (Fig. 4) . Based on the differences between the good and poor eastwardpropagating models, four zonal structural asymmetry indices are proposed: 1) the lower-tropospheric zonal wind asymmetry measured by R-K intensity ratio (the ratio of maximum intensities of the equatorial westerly to easterly at 850 hPa); 2) the lower-tropospheric heating asymmetry defined by the Q700 (908-1408E) minus Q700 (708-908E); 3) the premoistening index defined by the equatorial EPT 1000-700 averaged to the east of the convective center (908E) between 1108 and 1508E; and 4) the predestabilization index measured by the EPT 850 2 EPT 400 averaged between 1208 and 1508E. All four diagnostics are significantly related to the models' MJO propagation skills (Figs. 5-8 ). The models having good eastward propagation of the BLMC are a robust indication of the realistic simulation of eastward propagation of the MJO convection (Fig. 11) . More importantly, the propagation of the BLMC leads that of precipitation by about 5 days, suggesting a critical role of BLMC in MJO eastward propagation. The aforementioned lower-tropospheric structural asymmetries were observed and argued to be important for MJO eastward propagation. The present study finds, in GCM simulations, that the models that simulate these asymmetries well also have realistic eastward propagation of MJO whereas the models that failed to simulate these structural asymmetries do not simulate eastward propagation.
The schematic diagram shown in Fig. 12 summarizes how the zonal structural asymmetry shaped MJO eastward propagation. As demonstrated by theoretical model work of Wang et al. (2016) , the coupled MJO convection and circulation system and the zonal structural asymmetries are essentially generated by a threeway interaction among collective convective heating, moisture, and large-scale wave and BL dynamics. The degree of the east-west asymmetry in the low-level circulation determines the zonal asymmetry in the BLMC. To the east of the MJO precipitation, the BLMC moistens the lower troposphere, creates convective instability, and induces lower-tropospheric heating (Q700). The zonal asymmetric dynamic and thermal structures and lower-tropospheric condensation heating result in a zonally asymmetric, east-heavy MJO available potential energy generation, thereby driving the MJO eastward. The results from the multimodel GCM simulations are consistent with the hypothesis that the BLMC and associated zonal structural asymmetries in the lower troposphere play a critical role in driving MJO eastward propagation.
b. Discussion
Concerning the relationship between the structural asymmetry and eastward propagation, an alternative hypothesis is that the presence of a propagating convection heating may cause the zonal asymmetry in the lower-tropospheric dynamic and thermodynamic fields. A given heat source can produce a Gill-like pattern with a Kelvin wave component to its east and a Rossby wave component to its west (Gill 1980) . Presumably, if a Gill-type convection and circulation system is moved eastward, the corresponding structure may be changed. When a fixed heat source is forced to move eastward, it is equivalent to add a mean westward flow in the Gill model. Because of the mean flow effects, the low-level Kelvin wave propagation speed would decrease while Rossby wave speed would increase. For a given damping rate, this would shorten the extent of the Kelvin wave component while increasing the zonal extent of the Rossby wave component. However, it is not clear how this would affect the zonal wind speed (the R-K intensity ratio) because the equatorial zonal wind speed is determined by the meridional pressure gradients and a zonal mean flow may not change them.
On the other hand, the MJO structure is generated by interactive convective heating. The interaction of dynamics, moisture, and convective heating provides a key to understanding the circulation asymmetry. Using a general theoretical model for the MJO, Wang and Chen (2017) have shown that different cumulus parameterization schemes (e.g., simplified Kuo and Betts-Miller) or different parameters in the Betts-Miller scheme (e.g., the convective adjustment time scale) can produce different MJO structural asymmetries, especially different R-K intensity ratios. They have also demonstrated that the MJO propagation speed is proportional to the R-K intensity ratio.
The present diagnostic work, using multimodel results, reveals 1) that models with different parameterization schemes and parameter values can produce variety of structural asymmetry, and 2) that better simulated structural asymmetry corresponds to better eastward propagation. A variety of structural asymmetries seen from the 24 models studied here may arise from different representations of the convective heating, thereby resulting in different propagation characteristics. These GCM model results seem to be consistent with the aforementioned theoretical model results.
The MSE tendency has been conveniently used to explain the eastward propagation of MJO convection because the vertically integrated MSE coincides with the MJO convection. The MSE budget results suggest that the MJO eastward propagation is caused by horizontal and vertical advection of the MJO MSE (e.g., Maloney 2009; DeMott et al. 2014 ). The MSE diagnostics provide a kinematic explanation for eastward propagation but may not reveal the root cause of the eastward propagation.
Explanation of the root cause of the MJO eastward propagation requires addressing, in the first place, why the MJO has a mixed Kelvin-Rossby wave structure and how the westward-propagating Rossby waves and eastward-propagating Kelvin waves can be coupled together with convection and select preferred eastward propagation. Recently, Wang and Chen (2017) and Liu and Wang (2017) implemented the moisture feedback mechanism into the frictionally coupled KelvinRossby wave theory, which leads to a general three-way interaction theory (Wang et al. 2016) . The three-way interaction refers to the interaction among convection, moisture, and dynamics (the equatorial wave and boundary layer dynamics), which is the core dynamics of the MJO. In this general framework, six existing simplified versions of cumulus parameterization schemes are accommodated. It was shown that, no matter which convective parameterization scheme is used, without the boundary layer effect, a given initial Gill-like disturbance will be decoupled: the Kelvin wave moves eastward and the Rossby wave moves westward. It is the presence of the boundary layer frictional convergence associated with the Kelvin and Rossby waves that produces a joint BLMC field, which can couple the waves and convection together, and select eastward propagation for the K-R wave packet. The moisture feedback under a Betts-Miller scheme is shown to reinforce the coupling between the precipitation heating and Rossby waves, and thus the Rossby wave component is enhanced in the MJO, thereby slowing down the eastward propagation and resulting in more realistic horizontal structure and oscillation periodicity.
In addition to the three-way interaction theory and the moisture mode theory, various other processes have been identified or speculated to play significant roles in MJO propagation, including the air-sea interaction (Flatau et al. 1997; Wang and Xie 1998; Waliser et al. 1999; Kemball-Cook and Wang 2001; Wang and Zhang 2002; Fu and Wang 2004; Sperber et al. 2005; DeMott et al. 2014; Klingaman and Woolnough 2014) , the stratiform cloud-wave interaction (Mapes 2000; Khouider and Majda 2006; Kuang 2008; Fu and Wang 2009; Seo and Wang 2010) , and moisture or moist static energy transport (Maloney 2009; Maloney et al. 2010; Andersen and Kuang 2012; Hsu and Li 2012; Kim et al. 2014a; Pritchard and Bretherton 2014) . How these processes affect the MJO structure remain to be studied.
Our findings suggest the essential importance of the zonally asymmetric low-level circulation and the BLMC in the eastward propagation of MJO. Since the lowertropospheric structural asymmetry in circulation and diabatic heating are intimately linked to MJO eastward propagation, the performance in the simulation of the lower-tropospheric asymmetry in dynamical and thermodynamic structures calls for attention. Better representation of the interactions between the BLMC and cumulus congestus cloud precipitation, the convective mixing, low-cloud feedback and BL parameterization may be critical for better simulation of the MJO. Our results also suggest that to help identify models' deficiencies, it may be advantageous to implement some dynamics-oriented diagnostics presented in this paper into the metrics for evaluation of MJO simulation (Waliser et al. 2009 ).
